An electrospinning procedure allowing the spinning of a straight jet of polymer solution was developed. By using proper collector devices, it enables to collect winded and aligned fibers and to prepare polymeric constructs developing along the Z axis. The reported results are expected to provide basic understandings on which parameters are controlling the stability/instability of the process and implement new applications of electrospinning with specific reference to the preparation of well defined three-dimensional structures.
Introduction
Electrospinning is a method for producing fibers with diameters ranging from 10 µm to 10 nm by accelerating a jet of charged polymer solution in an electric field [1] . Fibers form as a result of solvent evaporation and deposit on a collector as nonwoven fibrous mats that limits the applicability of the final constructs [2] . The controlled production of winded and straightly aligned fibers on a substrate and the preparation of three-dimensional devices are the major challenges in this area [3, 4] . Underlying the difficulties to achieve such control is the process of nanofibres formation itself, which mechanism is still matter of controversy.
In a typical electrospinning set-up the polymer jet follows a path that begins with a straight segment. The diameter of the jet straight segment decreases monotonically with the distance from the tip. Bending instabilities originate and grow rapidly into a coil (whipping motion), under the influence of the charge carried with the jet. Due to the growth of the whipping instabilities, the jet stretches and becomes thinner allowing the formation of the nanofibres [5] .
Near Field Electrospinning (NFES) [6] and High Precision Deposition Electrospinning (HPDE) [7] are two techniques that made a breakthrough in this field, being able to control fairly precisely the location and deposition of the prepared nanofibres. These approaches involved the shortening of the distance the polymer travels in the electric field from the conventional 10-30 centimeters to few millimeters or less. This allowed to take advantage of the brief period of stability that polymer jet exhibits when the electrospinning process begins. However, the small volume of solution that can be spun at one time [8] , the inability to prepare three-dimensional structures and to adequately remove solvent prior to collection [2] reduce the practicality of these processes.
In the present work, an electrospinning apparatus was developed that eliminates all process variables determining the onset of instabilities. This allows to spin a stable straight polymer jet in spite of the fact that the distance from the spinneret to the collector was kept up to several centimeters.
Experimental

Materials
Poly(lactic-co-glycolic acid) PLGA (75:25; mw 120KDa) was purchased from Lakeshore Biomaterials Inc. (Birmingham, AL) and a 20 wt% solution in acetone or 30% in acetone/dimethylformamide (DMF) (3:2) were used. The electrospinning apparatus consisted of a 10 ml syringe equipped with a 21 gauge blunt needle, a syringe pump (BSP-99M, Braintree Scientific Inc., Braintree, MA), two high voltage power supplies of opposite polarity (Spellman High Voltage, United Kingdom) and an RT collector (Linari Engineering).
Electrospinning
To obtain punctiform fiber deposition, power supplies were connected either to two parallel plates or two concentric cylinders, thereby forming the geometry of a capacitor, to ensure field homogeneity. The fluid was fed at a given flow rate to the metallic needle jutting out of a hole in the middle of the auxiliary plate of the outer cylinder. Both the polymer solution and the metallic needle were electrically insulated by a glass capillary from the power supplies. Polymer solution was electrospun according to the parameters following reported.
Parallel plates configuration: the distance between the plates was 9 cm, the distance from the tip of the glass capillary to the collector was 4 cm. Flow rate was 0.8ml h -1 and the applied voltage 33 kV .
Concentric cylinders configuration: the cylinders diameter offset was 8 cm, the diameter of the mandrel collector and the distance from the glass capillary tip to the collector were 3.7 cm. Flow rate was 0.6 ml h -1 and the applied voltage 12 kV.
Fibers were collected onto the collector plate or onto an inner rotating mandrel. To enhance the evaporation of solvents an infrared lamp (250W) was positioned above the jet paths during process as heat source.
Electrospun Fibers Morphology
The morphology of the electrospun fibre was examined by SEM (Jeol LSM 5600LV, Japan). The roto-translating mandrel was covered by an aluminium sheet that was removed after fibres deposition and sputter coated with gold particles. SEM pictures were acquired using the signal from the secondary electron detector.
Results & Discussion
Controlled deposition by using the parallel plates configuration
For developing the present apparatus we analyzed the straightforward parallel electrode configuration first described by Shin et al to provide a theoretical description of the electrospinning process [9] , and used by Bunyan et al to obtain a certain control over fibers deposition [10] . Parallel electrodes, consisting of a collector plate and an auxiliary plate, form the geometry of a capacitor with parallel electric field lines ( Fig. 1a ). Though the auxiliary plate was added to ensure operations in a uniform electric field, two main configuration features hampered the possibility to carry out the process in real uniform electric field. Both the presence of the charged metallic needle and the charged polymer jet between the plates interfered with the uniformity of the resulting electric field. In Fig.  1b is represented a schematization of the electric field generated by the described electrospinning set-up.
The modulus of the electric field (E) is given by the ratio V/d (V: potential; d: distance between electrodes). Since the auxiliary plate and the needle were electrically connected, they were at the same potential. The distance between the needle tip and the collector plate (d a-c ) was smaller than the distance between the plates (d b-c ), thus the electric field generated between the needle and the collector plate (E a-c ) was stronger than that generated between the plates (E a-b ). The resulting electric field was non-uniform and more similar to that of a typical needle-plate configuration rather than a parallel plates configuration. Furthermore, the charged polymeric while moving towards the counter electrode increased the unhomogeneity of the effective electric field.
The electrospinning apparatus we developed [11] , solved in a simple way these two main interferences and allowed to eliminate the onset of bending instabilities commonly associated with any electrospinning process. A glass capillary was used to electrically insulate the metallic needle, and therefore the polymer solution, from the auxiliary charged plate (Fig. 2a) . Thus, the electric fields generated by needle and counter electrode was negligible and the presence of uniform electric field guaranteed.
Although there are various choices of nanofibres material we focused on the deposition of PLGA, a polymer that was studied extensively in our group [12], even though analogous results were obtained by using a star branched three-arm poly(ε-caprolactone). Voltages of the same magnitude but opposite sign were applied to the plates (+/-16.5 kV) while a by far lower induced potential was measured at the needle (+300 V). The needle possessed the same potential sign of the auxiliary plate. The versus of the electric force attracting and stretching the polymer solution into fibers, depended on the distance of the pendant polymer drop from the plates, respectively d a-b and d b-c . To avoid the polymer jet to be attracted by the auxiliary plate rather than by the collector plate (a phenomenon that was experimentally observed), d a-c (4 cm) was kept lower than d b-c (5 cm) ( Fig. 2a) .
By using this approach, bending instabilities that typically arises during the process by using a needle plate configuration (Fig. 2b) were avoided. The polymer jet followed a straight trajectory from the tip of the glass capillary to the collector plate (Fig. 2c) . The electrospun fiber, continuously depositing in a circumscribed area of about 1 mm, tangled in a three-dimensional structure that extended along the Z axis for circa 7 mm before developing instabilities (Fig. 3a) .
Even if bending perturbations, commonly considered the main cause of fiber thinning [13] , did not seem to take place along the whole path of the jet (Fig. 2c) , the diameter of the obtained fiber ( Fig. 3b ) was in the same range of that obtained by means of a typical electrospinning configuration (Fig. 2b, 4) . It seems that the simple acceleration of the polymer jet towards the counter electrode along a straight trajectory, together with simultaneous solvent evaporation, was sufficient to achieve a very high reduction in the cross-sectional area of the jet and in the fiber diameter.
By transversally moving the collector plate at a speed of 1 cm/sec during fibers deposition, it was also possible to draw a line of tangled fibers (Fig. 5) . The motion of the collector avoided both the accumulation of the fibers in the tick conical shape structure shown in Fig. 3a and the consequent development of jet instabilities. This was a first evidence of the feasibility of the method to achieve an accurate control over fiber depositions.
Experimental observations of Ref. 14, 15 and numerous related works showed that the electrostatic drawing of low-conductive fluids, such as glycerol or molten polymers, also form the elongated straight jet that is shown in (Fig. 2c) . Thus, to confirm the efficacy of the developed system with more conductive solutions, an acetone/DMF (3:2) solution of PLGA was electrospun by using the parallel plates configuration above described. When the solution was directly fed through a metallic Fig. 6 a) picture of the parallel plate configuration adopted to carry out the experiment; b) electrospinning of PLGA in Acetone:DMF solution by using a metallic needle; c) electrospinning of PLGA in Acetone:DMF solution by insulating the metallic needle with a glass capillary; d) A straight jet of PLGA solution depositing in a very circumscribed area formed a structure that extended along the Z axis. needle into the electric field bending instabilities grew rapidly (Fig. 6a, 6b) . By insulating the needle with a glass capillary the polymer jet followed a straight trajectory from the droplet to the collector plate ( Fig. 6c) . As already described for the lower conductive solution of PLGA in acetone, the electrospun fiber deposited in a very circumscribed area and tangled in a three-dimensional structure (Fig. 6d) .
Controlled deposition by using the concentric cylinders configuration
A further electrode configuration investigated was that consisting of two concentric cylinders, that alike the parallel plates configuration, forms the geometry of a capacitor. In this case, the inner cylinder consisted of a roto-translating aluminum mandrel concentric to an outer static aluminum hemi-cylinder. The glass capillary, feeding the polymer solution into the electric field, jutted out from the outer hemi-cylinder ( Fig. 7) . This configuration enabled to carry out the process in a uniform electric field and to collect the fibers on a rapid movable support.
The experimental results obtained by using this configuration corresponded qualitatively to the ones reported above for the parallel plates configuration. The polymer jet electrospun in the uniform electric field deposited on the mandrel without developing any bending instability along its path.
In Fig. 8 is shown the pattern of deposited fibers on the collector. The roto-translational motion of the mandrel allowed to draw a coil of fibers. The wider coil pitch depended on the translational motion of the mandrel, while the narrower to its traverse reverse.
A straight path of jet incident on a movable substrate gives rise to the deposition of linear nanofibres if the deposition speed and the displacement speed of the support are similar. Fibers were collected at 150, 400, 800 rpm corresponding respectively to linear velocities of 0.3,0.8, 1.6 m sec -1 (Fig. 9) .
Increasing the mandrel rotational speed, the buckling processes were gradually reduced till the achievement of the deposition of a linear fiber at 1.6 m s -1 , which likely corresponds to the fiber deposition speed. This confirmed that by using the described system it was possible to control the fiber deposition and to obtain straight fibers.
The described configuration allows also to narrow the electrospinning collection area even when an insulating material, that perturbate the electric field, is placed on the collection area. Mota et al with this processing configuration improved the reliability and reproducibility of the fabrication of dual-scale scaffolds consisting of three-dimensional constructs of aligned poly(εcaprolactone) (PCL) microfilaments and electrospun poly(lactic-co-glycolic acid) (PLGA) fibers. Beside of improving the fabrication process a better control over the packing density of the collected fibers was achieved [16] .
Conclusions
The electrospinning apparatuses so far proposed for direct-write deposition of fibers, either suppresses the whipping motion by complicated configuration of electrodes or circumvent the first bending perturbations by spinning at very short distances. In the described system, bending perturbations did not develop likely because the polymer solution was fed in a uniform electric field where it was only subjected to a constant and regular attraction force towards the counter electrode. Furthermore, the low charge of the polymer solution could not give rise to bending perturbations that imposes a spiroidal movement to the jet. Despite the lack of bending instabilities, a very high reduction in the cross-sectional area of the jet and in the resulting fiber diameter was obtained. Conventional electrospinning using flat collector plates as a counter electrode leads to the formation of flat meshes. For the first time our system gave the possibility to produce meshes that extended in height more than in width. The results shown in this work are expected to give a contribution for a better theoretical understanding of the process and to offer new opportunities to extend the applicability of electrospinning.
